Nocardioides sp. strain PD653 was the first identified aerobic bacterium capable of mineralizing hexachlorobenzene (HCB). In this study, strain PD653-B2, which was unexpectedly isolated from a subculture of strain PD653, was found to lack the ability to transform HCB or pentachloronitrobenzene into pentachlorophenol. Comparative genome analysis of the two strains revealed that genetic rearrangement had occurred in strain PD653-B2, with a genomic region present in strain PD653 being deleted. In silico analysis allowed three open reading frames within this region to be identified as candidate genes involved in HCB dechlorination. Assays using recombinant Escherichia coli cells revealed that an operon is responsible for both oxidative HCB dechlorination and pentachloronitrobenzene denitration. The metabolite pentachlorophenol was detected in the cultures produced in the E. coli assays. Significantly less HCB-degrading activity occurred in assays under oxygenlimited conditions ([O 2 ] Ͻ 0.5 mg liter Ϫ1 ) than under aerobic assays, suggesting that monooxygenase is involved in the reaction. In this operon, hcbA1 was found to encode a monooxygenase involved in HCB dechlorination. This monooxygenase may form a complex with the flavin reductase encoded by hcbA3, increasing the HCBdegrading activity of PD653. IMPORTANCE The organochlorine fungicide HCB is widely distributed in the environment. Bioremediation can effectively remove HCB from contaminated sites, but HCB-degrading microorganisms have been isolated in few studies and the genes involved in HCB degradation have not been identified. In this study, possible genes involved in the initial step of the mineralization of HCB by Nocardioides sp. strain PD653 were identified. The results improve our understanding of the protein families involved in the dechlorination of HCB to give pentachlorophenol.
sites. Bioremediation is expected to be an effective way of removing pollutants, including persistent organic pollutants, from contaminated environments. However, heavily halogenated organic compounds are less biodegradable than are many other organic compounds. Microorganisms capable of degrading HCB have been isolated and identified in few studies.
There have been many insights into the bacterium-driven reductive dehalogenation of HCB. Dehalococcoides sp. strain CBDB1 is one of the most extensively studied anaerobic bacteria capable of dechlorinating HCB (2, 3) . Strain CBDB1 uses polychlorinated benzenes as growth-supporting electron acceptors, and dechlorinates HCB through organohalide respiration; the end products have been found to be 1,3,5trichlorobenzene, 1,3-dichlorobenzene, and 1,4-dichlorobenzene (4) . This strain also dechlorinates pentachlorobenzene (4), 1,2,3-trichlorobenzene, 1,2,4-trichlorobenzene, all of the tetrachlorobenzene isomers (5) , and polychlorinated phenols (6) . The chlorobenzene reductive dehalogenase gene cbrA was recently identified (7) . Strain CBDB1 has been studied biochemically, and the complete genome has been sequenced and 32 reductive dehalogenase homologs identified (8) . Sequencing Dehalococcoides genomes will provide additional insights into polychlorinated benzene biodegradation under anaerobic conditions.
The biodegradation of HCB under strictly aerobic conditions has been described in few publications. To the best of our knowledge, only a genetically engineered mutant of CYP101 (P450 cam ) has been found to aerobically dehalogenate HCB to give pentachlorophenol (PCP) (9) . The reaction is catalyzed by a two-component monooxygenase formed by a putidaredoxin reductase, PdR, that transfers an electron from the NADH cofactor to terminal oxygenase CYP101. Analysis of the three-dimensional structure of the mutant demonstrated the importance of the L244A mutation, which improves the catalytic site by making space for pentachlorobenzene and HCB chlorine atoms (10) . An engineered Sphingobium chlorophenolicum ATCC 32723 with a gene cassette (camA ϩ camB ϩ camC) encoding the F87W/Y96F/L244A/V247L cytochrome P-450 cam variant has been found to degrade HCB without toxic intermediates accumulating (11) .
The metabolism of HCB by naturally occurring bacteria under aerobic conditions has been studied. Liu et al. found that the genera Azospirillum and Alcaligenes were dominant members of a HCB-using community isolated from contaminated soil (12) . Nocardioides sp. strain PD653 was the first bacterium capable of mineralizing HCB under aerobic conditions that was identified (13) . This strain was isolated from an upland soil contaminated with pentachloronitrobenzene (PCNB), and it was found to degrade both PCNB and HCB. The proposed HCB metabolic pathway in strain PD653 is shown in Fig. 1A . Strain PD653 mineralizes HCB via PCP. The intermediate metabolites tetrachlorohydroquinone (TeCH) and 2,6-dichlorohydroquinone (DiCH) have also been detected. Various bacteria degrade PCP (14) (15) (16) (17) (18) . The genes encoding enzymes involved in PCP degradation by Sphingobium chlorophenolicum ATCC 39723 have been elucidated in detail (19) . However, the gene encoding the dehalogenase involved in the first step of aerobic HCB dechlorination remains unidentified.
In this study, strain PD653-B2, which was found to have lost the ability to transform HCB into PCP, was isolated and characterized. Comparing the PD653 and PD653-B2 draft genomes allowed a genomic region that had been deleted in the derivative strain to be identified. This region was found to contain genes specific to the native PD653 strain. Heterologous expression in Escherichia coli revealed that the genes encode HCB-oxidative dehalogenase components.
RESULTS
Ability of strain PD653-B2 to catabolize HCB and PCP. We isolated Nocardioides sp. strain PD653-B2 (GenBank accession number LC196157) from preculture medium when subcultures of strain PD653 (GenBank accession number DQ673618) were prepared. Strain PD653-B2 was unable to transform HCB into PCP.
The catabolic ability of strain PD653-B2 was determined by inoculating the strain into mineral salts medium (MM) containing HCB, PCNB, or PCP. on days 6 and 9. The retention time and mass spectrum of the unidentified peak were consistent with the compound being pentachloroaniline (PCA) (Fig. 1D ). All of the PCP disappeared when the PD653-B2 strain was cultivated in a solution containing PCP at a concentration of 6.4 mol liter Ϫ1 for 9 days, and the chloride concentration reached 10.9 mol liter Ϫ1 , suggesting approximately two chlorine atoms were released per PCP molecule through dechlorination ( Fig. 1B) .
Comparative genome analysis revealed a region conserved only in strain PD653. We hypothesized that the derivative strain PD653-B2 lacked the ability to degrade HCB and PCNB because of a genetic rearrangement leading to the genomic region harboring the genes coding for enzymes involved in HCB and PCNB metabolism being deleted. This hypothesis was tested by fully sequencing the native and derivative strain genomes and comparing the results to identify regions that had been deleted from the derivative strain genome.
The estimated genome sizes (assembled sequence size) of the native PD653 strain and the derivative PD653-B2 strain were 5.08 Mb (87 contigs) and 4.99 Mb (81 contigs), respectively. Both genomes had GϩC contents of 70.9%. The assembled strain PD653 and PD653-B2 data were subjected to DDBJ MiGAP, and 5,087 and 4,968 coding sequences, respectively, were identified. The draft genomes were compared using the Mauve tool (20) , and a region of interest from positions 1 to 71,874 of contig 22 (GenBank accession number BDJG01000022) was found in which a deletion (indicated by an asterisk in Fig. 2A ) consisting of 96 coding sequences had occurred in strain PD653-B2. The raw reads of strain PD653-B2 were mapped directly to contig 22 in strain PD653 to determine whether the region of interest was completely deleted from strain PD653-B2. The raw reads were completely assembled to strain PD653 contig 22, suggesting that the region of interest may not have been deleted but remained partially present in strain PD653-B2 (data not shown). This indicated that misassembly may have occurred, so we analyzed the sequences marked "b" and "c" in Fig. 2A . This confirmed that the sequences were consistent with those obtained from MiSeq, indicating that the genome structure shown in Fig. 2A was appropriate.
In the region of interest, the annotations and structures indicated that the open reading frames (ORFs) ORF1, ORF2, and ORF3 were produced by the genes that most probably encode enzymes involved in the initial HCB metabolism step ( Fig. 2B and Table 1 ). ORF1 was predicted to code coenzyme F 420 -dependent N 5 ,N 10 -methylenetetrahydromethanopterin reductase and related flavin-dependent oxidoreductases (encoded by PD653_2189). ORF2 was predicted to code a flavoprotein (encoded by PD653_2188), and ORF3 was predicted to code a conserved protein/domain typically associated with flavoprotein oxygenases in the DIM6/NTAB family (encoded by PD653_2187). Multicomponent enzyme systems are often involved in aromatic compound hydroxylation, so we assumed that ORF1, ORF2, and ORF3 belong to a multicomponent monooxygenase system and selected them as candidate genes. An approximately 60-kb segment of the strain PD653-B2 genome, assigned as contig 64 in strain PD653 (marked "a" in Fig. 2A ) (GenBank accession number BDJG01000064), was translocated to the region containing the candidate genes in strain PD653, suggesting that genome rearrangement had occurred in strain PD653-B2.
Analysis of the genes presumed to be involved in the lower pathway revealed that an ORF annotated as 4-hydroxyphenylacetate 3-hydroxylase (encoded by PD653_1114 in PD653 and PD653B2_0297 in PD653-B2) was similar to TftD, chlorophenol 4-monooxygenase in Burkholderia cepacia strain AC1100 (590 bit; 54% identity) (21) . The tftC gene encoding flavin reductase was not found close to this ORF, but the putative flavin reductase gene was found upstream of the ORF (PD653_1112 in PD653 and PD653B2_0299 in PD653-B2). A gene cluster containing an ORF encoding a protein homologous to 2,6-dichlorophenol hydroxylase (TfdB; 55% identify) in Ralstonia eutropha strain JMP 134 was found (encoded by PD653_3537 in PD653 and PD653B2_3864 in PD653-B2) (22) . An ORF encoding a protein homologous to maleylacetate reductase (TfdF; 40% identity) was also found adjacent to the putative tfdB gene (23). The pcp genes responsible for PCP degradation were not found in the draft genome of either strain.
Nucleotide and amino acid sequence analyses of the hcb genes. A short ORF (called ORF2a) was found in the flanking region of 177 nucleotides between ORF1 and ORF2. The ORF2a termination codon overlapped with the downstream ORF2 start codon (Fig. 3A) . Similarly, the ORF2 stop codon overlapped with the ORF3 start codon. The putative ribosome-binding sites GAAAGAA and GGAAAG were found 10 nucleo- tides upstream of ORF2 and 15 nucleotides upstream of ORF3, respectively. The GC TGGC hexamer, which was similar to the hexamer in Streptomyces glaucescens (24, 25) , was 35 nucleotides upstream of ORF2 and 48 nucleotides upstream of ORF3, suggesting it is a promoter. The amino acid sequence deduced for ORF1 was similar to the sequence in Ese, the monooxygenase enzyme involved in endosulfan and endosulfan sulfate metabolism, in Arthrobacter sp. KW (432 bits; 49% identity) (26) . Ese belongs to the two-component flavin-dependent monooxygenase family. The distribution of secondary structural elements was predicted from the deduced ORF1 amino acid sequence, and it was similar to other known flavin-dependent monooxygenases with conformations that have been (Fig. 4 ). The deduced ORF2 amino acid sequence was similar to the sequence in EmoB, an NADH:flavin mononucleotide oxidoreductase in Mesorhizobium sp. BNC1 involved in the two-component enzyme system (77 bits; 37% identity) (27) . The deduced ORF3 amino acid sequence contained a flavin reductase-like domain (smart00903). The secondary structure of ORF3 was predicted in a similar way to the secondary structure of ORF1 and had a strongly conserved distribution of known flavin reductase secondary structural elements except for strand ␤4 (see Fig. S1 in the supplemental material).
Degradation of HCB and PCNB by recombinant E. coli cells.
We determined whether the products of ORF1, ORF2, and ORF3 contributed to HCB and PCNB degradation by determining the abilities of recombinant E. coli BL21(DE3) cells harboring each construct to degrade HCB when incubated for 12 h in a medium containing HCB at 10 mol liter Ϫ1 (Fig. 5A, solid pE23N2 (ORF2 at MCS1 and ORF3 at MCS2) did not degrade HCB. HCB was degraded most effectively (83.0%) by E. coli BL21(DE3)/pE123N (ORF1 and ORF2 at MCS1 and ORF3 at MCS2), which coexpressed all three ORFs. An unknown peak that indicated HCB degradation activity was found when the E. coli BL21(DE3)/pE123N culture fluid was analyzed by HPLC (Fig. 5B ). The peak had the same retention time as PCP (data not shown) and was identified as PCP because the mass spectrum was identical to the mass spectrum of the PCP standard (Fig. 5C ). As HCB was degraded, PCP was stoichiometrically accumulated (Fig. 5D ), suggesting that HCB was dehalogenated to give PCP as shown in Fig. 5A (open bars) . Recombinant E. coli cells harboring pE123N at a dry weight cell concentration of 0.8 g liter Ϫ1 degraded 6.9 mol liter Ϫ1 HCB within 6 h, giving a degradation rate of 1.44 nmol mg Ϫ1 h Ϫ1 on a dry cell weight basis.
The dechlorination of HCB was strongly affected by the presence of oxygen (Fig. 5E ). HCB was not degraded and PCP was not generated under oxygen-limited conditions, but HCB degradation and PCP generation resumed when oxygen was reintroduced by replacing the N 2 atmosphere with ambient air. When the oxygen concentration was increased, 4 mol liter Ϫ1 HCB was transformed into PCP in 3 h, suggesting that ORF1 encodes a monooxygenase. We hypothesized that ORF1, ORF2, and ORF3 are genes that are involved in the initial HCB dechlorination step, so we called them hcbA1, hcbA2, and hcbA3, respectively. We determined whether the hcbA genes are involved in PCNB degradation by investigating the PCNB degradation and metabolite generation time courses using E. coli BL21(DE3)/pE123N. As shown in Fig. 5D , the recombinant cells degraded 8 mol liter Ϫ1 PCNB within 6 h. PCP was found to be a metabolite and was accumulated stoichiometrically. (35) ; Adf, F 420 -dependent secondary alcohol dehydrogenase from Methanobacterium thermophilus (gi 47168785) (36); kMer, coenzyme F 420 -dependent methylenetetrahydromethanopterin reductase from Methanobacterium kandleri (gi 126509) (37); tMer, coenzyme F 420 -dependent methylenetetrahydromethanopterin reductase from Methanobacterium thermoautotrophicum (gi 13787050) (37) . Identical residues are marked with asterisks, and conserved residues are marked with dots. Residues involved in coenzyme binding are labeled with bold letters. hcbA1, hcbA2, and hcbA3 . We determined whether the three identified genes were transcribed polycistronically by analyzing the intergenic regions hcbA1-hcbA2 (region I) and hcbA2-hcbA3 (region II) by reverse transcription-PCR (RT-PCR) using as a template total RNA extracted from strain PD653 cells grown in a medium containing HCB. Both intergenic regions were successfully amplified, suggesting that all three genes were transcribed as a single mRNA molecule (Fig. 3B) .
DISCUSSION
The PD653-B2 and PD653 strains had different abilities to dechlorinate HCB and denitrate PCNB (28) . Interestingly, an approximately equal molar amount of PCA was generated when PCNB was degraded by PD653-B2, so we hypothesized that there was an alternative degradation pathway. The results suggest that the gene(s) involved in both HCB dechlorination and PCNB denitration was deleted when PD653-B2 was derived from PD653. Comparative genome analysis indicated that the approximately 60-kb region marked with an asterisk in Fig. 2A was present in PD653 but not in PD653-B2. Direct read mapping results led us to suspect that misassembly may have occurred in this region, but the sequence accuracy obtained from MiSeq was supported by PCR amplification and sequence analysis. As a result, the region of interest (marked with an asterisk in Fig. 2A ) may have been translocated and less likely to be sequenced by MiSeq because of mutations in strain PD653-B2.
In the region of interest, almost half of the coding sequence (42/96) had similar sequences to genes in the Nocardioides genus ( Table 1 ), suggesting that the region is not unique to strain PD653. Efforts were made to search the 60-kb region for inverted repeat sequences recognized by transposase and for genes encoding transposase typical of insertion sequence elements known to be involved in genetic rearrangements (29) , but none were detected (data not shown). There were, therefore, no clues to allow us to gain an understanding of how the genomic rearrangement occurred. Comparative genome analysis did not allow us to identify hcbA genes in the chromosome or plasmid of the native PD653 strain.
Recombinant E. coli cells biotransformed HCB and PCNB into PCP. It was found in a previous study that genetically engineered Sphingobium chlorophenolicum ATCC 32723 harboring a gene cassette (camA ϩ camB ϩ camC) degraded HCB at a rate of 0.67 nmol mg Ϫ1 h Ϫ1 on a dry cell weight basis (11) . In our assays, E. coli BL21(DE3)/pE123N (hcbA1 and hcbA2 at ORF1 and hcbA3 at ORF2) degraded HCB at more than twice that rate. The deduced amino acid sequence comparisons revealed that HcbA1, HcbA2, and HcbA3 showed no significant homology to the proteins encoded by the gene cassette (camA ϩ camB ϩ camC) (9) . Considering that hcbA genes were deleted from PD653-B2, we concluded that these genes may play important roles in the initial steps of the metabolism of both HCB and PCNB. However, it is not clear if only these genes are responsible for HCB and PCNB metabolism by PD653, so further studies of hcbA genes using knockout and complementation techniques are necessary.
The hcbA gene, which has characteristics associated with flavoproteins, was identified in Nocardioides sp. strain PD653. Flavoproteins are involved in various biological processes, such as the degradation of natural and anthropogenic compounds and the biosynthesis of hormones, vitamins, and antibiotics (30) . Our results suggest the possibility that hcbA1 encodes a monooxygenase responsible for transforming both HCB and PCNB into PCP. This was supported by the results obtained under oxygenlimited conditions (Fig. 5E ). We propose, according to Huijbersa et al. (31) , to classify HcbA1 as part of the group C flavin monooxygenases because it contains a conserved luciferase-like domain (IPR011251). This domain is found in different bacterial luciferase family proteins, including LadA produced by Geobacillus thermodenitrificans MG80-2 (32, 33) , SsuD produced by E. coli (34) , LuxA produced by Vibrio harveyi (35) , and Adf (36) , kMer, and tMer produced by methanogenic archaea (37) , and consists of eight ␣-helices and eight parallel ␤-strands, forming a characteristic three-dimensional structure called the TIM barrel fold. Despite the low overall sequence identity, there are structural similarities between bacterial luciferases and nonfluorescent flavoproteins, which make up clearly related families with somewhat different folds (32) (33) (34) (35) (36) (37) (38) . The predicted HcbA1 secondary structure was similar to the secondary structures of TIM barrel enzymes, suggesting that they have similar three-dimensional structures (Fig. 4) .
The hcbA3 gene encodes a putative reductase component associated with HcbA1. We identified a conserved domain typical of the flavin reductase component belonging to the two-component flavin-diffusible monooxygenase (TC-FDM) family, including TftC (39), PheA2 (40) , and HpaC (41), from the deduced HcbA3 amino acid sequence. These enzymes catalyze the NAD(P)H-dependent reduction of flavins and supply reduced flavins to a monooxygenase (21, (39) (40) (41) (42) (43) . Taking the comparison of secondary structural elements into account, we hypothesized that HcbA3 can fold in a similar way to TC-FDM and acts as a flavin reductase. This hypothesis was supported by the HCB degradation activity being higher when hcbA1 and hcbA3 were coexpressed by recombinant E. coli than when only hcbA1 was expressed by recombinant E. coli. Therefore, the hcbA1 and hcbA3 genes in PD653 may encode a flavin-dependent two-component oxygenase that catalyzes the dehalogenation of HCB to PCP.
The hcbA3 and hcbA2 genes, which slightly overlap (by three nucleotides) ( Fig. 3A ) upstream of hcbA3, were indicative of translational coupling (44) (45) (46) (47) . Genetic organizations resembling this structure have been found in several Gram-positive bacterial gene clusters involved in the degradation of long-chain n-alkanes (48) , thiocarbamate (49) , vinyl chloride, and ethene (50) . We could not fully determine the functional role of hcbA2, but we did find that it is part of the hcb operon and is transcribed polycistronically; therefore we hypothesized that it is part of the three-component enzyme system that catalyzes the oxidative dehalogenation of HCB in strain PD653 cells. Further studies of protein-protein interactions and the biochemical properties of the hcb gene products should be performed to test this hypothesis.
In conclusion, we describe the characterization of the hcb operon in Nocardioides sp. strain PD653 that transforms HCB and PCNB into PCP under aerobic conditions. This strain has previously been found to completely mineralize HCB under aerobic conditions (13). We did not identify genes similar to known PCP-degrading genes in the draft PD653 genome, but ongoing work is aimed at locating genes that may encode PCP-degrading enzymes.
MATERIALS AND METHODS
Materials. PCA was purchased from TCI Tokyo Casei (Tokyo, Japan). PCNB and PCP were purchased from Wako Pure Chemical Industries (Osaka, Japan). HCB was purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). Difco R2A agar medium was purchased from Becton Dickinson and Company (Franklin Lakes, NJ, USA). MM was prepared as previously described (51) and then autoclaved and supplemented with 50 g liter Ϫ1 p-aminobenzoic acid. The preculture medium for strains PD653 and PD653-B2 contained 1 g glucose, 1 g Bacto tryptone, 0.3 g (NH 4 ) 2 SO 4 , 1.2 g Na 2 HPO 4 ·12H 2 O, and 0.5 g liter Ϫ1 KH 2 PO 4 . The preculture medium was autoclaved and then supplemented with 10 ml of a solution of trace elements (52) and 50 g liter Ϫ1 p-aminobenzoic acid.
Analytical methods. Chloride ion concentrations were measured by ion chromatography (761 Compact IC; Metrohm, Herisau, Switzerland). An IC SI-90 4E column (Shodex, Tokyo, Japan) was used, and the mobile phase, 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 , was used at a flow rate of 1.0 ml min Ϫ1 at 40°C. The concentrations of all of the chloroaromatic compounds were monitored by HPLC (Hewlett-Packard series 1100; Hewlett-Packard, Waldbronn, Germany) equipped with a UV detector (set at 220 nm). A Poroshell 120 EC-C 18 column (150 mm long, 4.6-mm inner diameter; Agilent Technologies, Tokyo, Japan) was used, and the temperature was 40°C. The mobile phase was a mixture of acetonitrile and 0.1% phosphoric acid in water, and the pump was set to run in isocratic mode with a flow rate of 1.0 ml min Ϫ1 . The mobile-phase composition was 90:10 acetonitrile/aqueous phosphoric acid for HCB analysis and 87:13 acetonitrile/aqueous phosphoric acid for PCNB, PCP, and PCA analysis. PCP was analyzed using an Acquity ultraperformance liquid chromatography (UPLC) system (Waters, Milford, MA, USA) equipped with a Micromass Quattro micro API tandem quadrupole system (Waters). Mass spectra of the compounds were acquired using a Z-spray source in electrospray ionization mode and total ion current mode. The electrospray ionization conditions used to analyze PCP were a capillary voltage of 1.2 kV, a cone voltage of 17.46 V, a source temperature of 100°C, a desolvation temperature of 350°C, a cone gas flow rate of 50 liters h Ϫ1 , and a desolvation gas flow rate of 600 liters h Ϫ1 . PCP was detected in negative ion mode using an m/z range of 150 to 300. The ultraperformance liquid chromatography and electrospray ionization mass spectrometry systems were controlled using MassLynx 4.1 software (Waters). Separation was performed using an Acquity UPLC BEH C 18 column (1.7-mm particle size, 2.1-mm inner diameter, 100 mm long; Waters) at 40°C. Linear gradient elution was used, using two solvents. Solvent A was 0.1% (vol/vol) acetic acid in water, and solvent B was 0.1% (vol/vol) acetic acid in acetonitrile. The flow rate was 200 l min -1 , and the gradient profile was 10% solvent B for 2 min, linear change to 90% solvent B over 12 min, and 90% solvent B for 4 min. The identity of PCA was confirmed by analyzing samples using an HP6890 series gas chromatograph coupled to an HP 5973 mass selective detector. The gas chromatograph was fitted with an HT8-PCB capillary column (60 m long, 0.25-mm inner diameter; Kanto Kagaku, Tokyo, Japan). The oven temperature program started at 120°C, increased to 210°C at 20°C min Ϫ1 , increased to 290°C at 10°C min Ϫ1 , and then increased to 320°C at 25°C min Ϫ1 . The inlet temperature was 250°C.
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 2 . Strain PD653-B2 (GenBank accession number LC196157) was isolated unexpectedly from the preculture medium during the subculturing of strain PD653 (GenBank accession number DQ673618), and it was found to lack the ability to transform HCB into PCP. E. coli cells were grown in Luria-Bertani (LB) medium. E. coli DH5␣ (Toyobo, Osaka, Japan) and BL21(DE3) (Novagen, Madison, WI, USA) were used as host strains for the plasmids pGEM-T Easy (Promega, Madison, WI, USA), pETDuet-1 (Novagen), and their derivatives. The transformants harboring the plasmids were cultured in LB medium supplemented with 100 g ml Ϫ1 ampicillin.
DNA isolation. Total DNA from strains PD653 and PD653-B2 grown on R2A medium at 30°C was purified using a DNeasy Tissue kit (Qiagen, Valencia, CA, USA). Plasmid DNA from E. coli transformants was extracted using a Wizard miniprep system (Promega).
Characterization of strain PD653-B2. The catabolic abilities of strain PD653-B2 were determined by performing biodegradation tests. Strain PD653-B2 cells were grown in a preculture medium until the optical density at 600 nm (OD 600 ) reached ϳ1.2. Cells were harvested at 3,000 ϫ g at 4°C for 10 min, and then the cell pellets were washed with MM and then resuspended in MM. A 1-ml aliquot of the cell suspension (OD ϭ 1.0) was added to each of a series of 50-ml glass-stoppered Erlenmeyer flasks, each containing 9 ml of MM supplemented with one of the chloroaromatic compounds tested. The initial PCP, HCB, and PCNB concentrations were 6.5, 9, and 8 mol liter Ϫ1 , respectively. The flasks were shaken at 180 hcb Operon Involved in Aerobic Dechlorination of HCB Applied and Environmental Microbiology rpm at 30°C for 9 days. Triplicate flasks were withdrawn at selected time points, and a 600-l aliquot of the fluid in each flask was analyzed by ion chromatography. The remaining fluid was mixed with 18.8 ml of acetonitrile, and the mixture was centrifuged at 19,000 ϫ g for 10 min. The chloroaromatic compound concentrations in the supernatant were determined by HPLC with a photodiode array detector. The metabolite of PCNB that was produced was identified by gas chromatography mass spectrometry. Draft genome sequences and analysis. Samples of genomic DNA from strains PD653 and PD653-B2 were fragmented to approximately 500 bp using a Covaris S2-A system (Covaris, Woburn, MA, USA). A library for sequencing was prepared using a NEBNext DNA library prep master mix set for the Illumina platform (New England BioLabs, Ipswich, MA, USA), and the library samples were paired-end sequenced (2 ϫ 300 bp) using a MiSeq sequencer and a MiSeq version 3 reagent kit (Illumina KK, Tokyo, Japan). The total read bases for strains PD653 and PD653-B2 were 2.51 and 1.90 Gb, respectively. Raw reads were trimmed and assembled de novo using CLC Genomics Workbench version 7.5.1 (Qiagen). The trimming parameters were as follows: ambiguous limit, 2; quality limit, 0.001; 10 5=-terminal nucleotides; and 40 3=-terminal nucleotides. The de novo assembly parameters were as follows: update contigs, yes; bubble size, 600; minimum contig length, 1,000; automatic word size, 51; perform scaffolding, yes; auto-detect paired distances, yes; mismatch cost, 2; insertion cost, 3; deletion cost, 3; length fraction, 0.5; and similarity fraction, 0.8. The assembled contigs of strains PD653 and PD653-B2 were annotated using the DDBJ Microbial Genome Annotation Pipeline (http://www.migap.org/index.php/en) and edited manually for entry into nucleotide sequence databases (DDBJ/ENBL/GenBank).
No complete genome was available for the reference sequence with the strain PD653 draft genome, so the distances between the contigs and the arrangement order were not clear. The strain PD653 scaffold was therefore built using a rule of filling gaps with 100 Ns between contigs, as described on the NCBI website (https://www.ncbi.nlm.nih.gov/assembly/agp/AGP_Specification/). Comparative genome analysis was performed by merging and orienting the strain PD653-B2 contigs using ABACAS (53) guided by the strain PD653 genome sequence as the reference genome. The genes involved in HCB metabolism were identified by aligning the draft strain PD653-B2 genome with the draft strain PD653 genome using Mauve (20) . Strain PD653-specific sequences were identified from the aligned sequences. The candidate genes were selected according to their protein-coding sequence annotations.
The sequences in the regions indicated in Fig. 2A were analyzed to determine whether misassembly had occurred in strain PD653 contig 22 and strain PD653-B2 contig 26. The nucleotide sequences of the primers used in this experiment are shown in Table 3 . Region b was amplified by PCR using primer set wt_MS22_F and wt_delta_MS_R. Region c was amplified by PCR using primer set delta_MS26_F and wt_delta_MS_R. The PCR amplicons were cloned into the pGEM-T Easy vector (Promega) and sequenced.
The putative genes involved in the lower chloroaromatic compound pathway were analyzed according to the University of Minnesota Biocatalysis/Biodegradation Database (http://eawag-bbd.ethz.ch/pcp/ pcp_map.html) (54) .
Comparison of the deduced amino acid sequences in the genes. The amino acid sequences that were identified were compared with the amino acid sequences of other bacterial genes using the BLAST Table 3 ). The region including ORF1, ORF2, and ORF3 was PCR amplified from strain PD653 genomic DNA using the primer set orf1_F and orf3_R. The PCR product was ligated into the pGEM-T Easy vector and then used as a PCR template in the experiments described below. An expression vector for putative HCB-oxidative dehalogenase was constructed by amplifying ORF1 by PCR using primer set orf1-NcoI_mcs1_F and orf1-NcoI_mcs1_R. A PCR-amplified fragment containing ORF1 was digested and ligated into the NcoI site in the first multicloning site (MCS1) of pETDuet-1, and the resulting plasmid was designated pE1N. The pE2N plasmid, including ORF2, was constructed in a similar manner using primers orf2-NcoI_mcs1_F and orf2-NcoI_mcs1_R. Plasmid pE3N was formed by amplifying the fragment containing ORF3 by PCR using primer set orf3-BspHI_mcs1_F and orf3-BspHI_mcs1_R. The PCR-amplified fragment containing ORF3 was digested with BspHI and ligated into the NcoI site of pETDuet-1. Plasmid pE12N was formed by amplifying the fragment containing ORF1 and ORF2 by PCR using primers orf1-NcoI_mcs1_F and orf2-NcoI_mcs1_R. The PCR-amplified fragment containing ORF1 and ORF2 was digested and ligated into the NcoI site of pETDuet-1. Plasmid pE12N2, containing ORF1 at MCS1 and ORF2 at the second multicloning site (MCS2) of pETDuet-1, was formed by amplifying ORF2 by PCR using primers orf2-NdeI_mcs2_F and orf2_mcs2_R. The PCR-amplified fragment containing ORF2 was digested with NdeI and cloned into the NdeI-EcoRV site (MCS2) of pE1N. Plasmids pE123N (containing ORF1 and ORF2 at MCS1 and ORF3 at MCS2), pE13N2 (containing ORF1 at MCS1 and ORF3 at MCS2), and pE23N2 (containing ORF2 at MCS1 and ORF3 at MCS2) were formed by amplifying ORF3 by PCR using primers orf3-NdeI_mcs2_F and orf3_R and then digesting and ligating the fragment into the NdeI-EcoRV sites of pE12N, pE1N, and pE2N, respectively. The recombinant plasmids were sequenced and transferred into E. coli BL21(DE3). E. coli cells harboring the expression vectors were inoculated into LB medium containing 100 g ml Ϫ1 ampicillin and shaken overnight at 210 rpm and 37°C. The overnight culture was inoculated into fresh LB medium containing 100 g ml Ϫ1 ampicillin and 0.25 mM isopropyl-␤-thiogalactoside. The initial OD 600 was adjusted to 0.6, and gene expression was induced in a culture kept at 37°C and shaken at 210 rpm for 4 h. The induced cells were then harvested by centrifuging the mixture at 1,800 ϫ g for 10 min and washed with phosphate-buffered saline.
Degradation of HCB and PCNB by the recombinant E. coli cells. Washed recombinant E. coli cells were suspended in 1 ml of MM and inoculated into 9 ml of MM containing 10 mol liter Ϫ1 HCB or 8 mol liter Ϫ1 PCNB in a glass-stoppered Erlenmeyer flask. The initial OD 600 was 1.8 (a dry weight cell concentration of 0.8 g liter Ϫ1 ). The flask cultures were kept at 37°C and shaken at 210 rpm for 12 h. Triplicate flasks were withdrawn at selected time points, and 20 ml of acetonitrile was added to each, giving a sample solution of 30 ml. Each sample solution was centrifuged at 19,000 ϫ g for 10 min, and the HCB and PCP concentrations in the supernatant were analyzed by HPLC with a photodiode array detector.
The effect of oxygen on HCB degradation activity was investigated using 40-ml aliquots of an isopropyl ␤-D-1-thiogalactopyranoside-induced cell culture washed with phosphate-buffered saline. The subsequent procedures were performed in a glove box (UN-650F; UNICO, Ibaraki, Japan) with a N 2 atmosphere. Washed cells were suspended in 1 ml of MM that had been purged with N 2 (99.9%) for 20 min to remove dissolved oxygen. The cells were then inoculated into 9 ml of MM containing 4 mol liter Ϫ1 HCB in a glass-stoppered Erlenmeyer flask. The initial OD 600 was 9.0. The oxygen concentration was measured independently using a dissolved oxygen meter (SG6 -SevenGo pro dissolved oxygen; Mettler-Toledo, Greifensee, Switzerland). Each culture was kept at room temperature and constantly stirred using a magnetic stirrer, and then after 3 h, oxygen was reintroduced by replacing the N 2 atmosphere with ambient air. Triplicate flasks were withdrawn at specified time points. Control cultures were kept under oxygen-limited conditions ([O 2 ] Ͻ 0.5 mg liter Ϫ1 ) throughout the experiment. The samples were prepared and analyzed as described above.
RT-PCR. A single colony of strain PD653 was inoculated into the preculture medium and cultured to the mid-exponential phase (OD 600 ϭ 1.0) at 30°C on a shaker at 180 rpm for 4 days. An aliquot of the culture was inoculated into fresh preculture medium in a glass-stoppered Erlenmeyer flask to give an OD 600 of 0.1, and then the culture was cultivated. Strain PD653 was grown in the medium, and HCB was added during the exponential phase (OD 600 ϭ 0.3 to 0.4). Cells were harvested after 3 h of incubation and stored at Ϫ80°C until use. Total RNA was extracted according to the manufacturer's instructions with some modifications to the initial steps. Briefly, cells were resuspended in 200 l Tris-EDTA buffer containing 5 mg ml Ϫ1 lysozyme, the cells were incubated at 37°C for 5 min, and then 500 l Sepasol-RNA I (Nacalai Tesque, Kyoto, Japan) was added. The sample was placed in a 1.5-ml screw-cap tube containing glass beads (50 mg of beads 100 m in diameter and 30 mg of beads 1 mm in diameter). The mixture was disrupted using a bead beater at 5,000 rpm for 5 min, and then 500 l of Sepasol-RNA I was added. DNA traces were removed using total RNA and recombinant DNase (TaKaRa, Tokyo, Japan). The RNA quality was checked by performing 1% native agarose gel electrophoresis. The RNA concentration was determined using a NanoDrop ND-1000 system (Thermo Fisher, Lafayette, CO, USA). cDNA was synthesized from 1 g total RNA by reverse transcription using a ReverTra Ace quantitative PCR (qPCR) RT kit (Toyobo) following the manufacturer's recommendations. Reverse transcription reaction 8.0 was performed at 37°C for 15 min, 50°C for 15 min, and 98°C for 5 min. The cDNA product was diluted by a factor of eight and then used as the template for RT-PCR analyses using the primers shown in Table 3 . The primers used in the RT-PCR process were hcbA1_q_F and hcbA2_q_R for intergenic region I and hcbA2_q_F and hcbA3_q_R for intergenic region II. rpoB_q_R for rpoB, a housekeeping gene encoding the RNA polymerase ␤-subunit, was used as a positive control in the RT-PCR experiments. The PCR conditions were one cycle at 1.5 min, 30 cycles at 98°C for 15 s, 62.5°C for 30 s, 68°C for 30 s, and finally one cycle at 68°C for 30 s. The PCR products were separated by electrophoresis using 1.5% (wt/vol) agarose gel.
Accession number(s). The strain PD653 and PD653-B2 genome sequences have been deposited in DDBJ/EMBL/GenBank under accession numbers BDJG01000001 to BDJG01000087 and BDJE01000001 to BDJE01000081, respectively.
Strain PD653-B2 was submitted to the Japanese National Agriculture and Food Research Organization GeneBank project (https://www.gene.affrc.go.jp/about_en.php) under MAFF number 304153.
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